We present an abundance analysis of the very metal-poor, carbon-enhanced star CS 29497-030. Our results indicate that this unusually hot turnoff star (T ef f = 6650K, logg = 3.5) has a metallicity [Fe/H] = −2.8, and exhibits large overabundances of carbon ([C/Fe] = +2.38), nitrogen ([N/Fe]= +1.88), and oxygen ([O/Fe]= +1.67). This star also exhibits a large enhancement in its neutron-capture elements; the pattern follows that expected to arise from the s−process. In particular, the Pb abundance is found to be very high with respect to iron ([Pb/Fe]= +3.5), and also with respect to the second peak s-process elements (e.g., Ba, La, Ce, Nd), which fits into the newly introduced classification of lead (Pb) stars. The known spectroscopic binary status of this star, along with the observed s-process abundance pattern, suggest that it has accreted matter from a companion, which formerly was an Asymptotic Giant-Branch (AGB) star. In a preliminary analysis, we have also identified broad absorption lines of metallic species that suggest a large axial rotational velocity for this star, which may be the result of spin-up associated with the accretion of material from its previous AGB companion. In addition, this star is clearly depleted in the light element Li. When considered along with its rather high inferred temperature, these observations are consistent with the expected properties of a very low metallicity halo blue straggler.
Introduction
The two neutron-capture processes, the slow (s− process), and the rapid (r−process), occur under different physical conditions, and therefore are likely to arise in different astrophysical sites. In an early systematic study of ele-2 CS 29497-030 mental abundances in halo stars, Spite & Spite (1978) found that the neutron-capture elements Ba and Y were over-deficient with respect to iron, and that the barium abundance increased almost as fast as iron at low metallicity, suggesting a common origin in massive, short-lived stars. From this suggestion, Truran (1981) formulated the hypothesis that in the early Galaxy the neutron-capture elements were formed exclusively through the r-process, assumed to occur in core-collapse Type II SNe; this idea is often referred to as the "r-only hypothesis." More recent observations of heavy-element abundance patterns in metal-poor stars have further supported this hypothesis (Gilroy et al. 1988; Burris et al. 2000, and references therein) .
From the theoretical point of view, support for the "r-only hypothesis" comes from consideration of the timescales involved. The dominant site of the s-process is thought to be the Asymptotic Giant-Branch (AGB) phase in intermediate-mass stars , and references therein); by the time the first of these objects began polluting the interstellar medium with s-process elements, core-collapse SNe had already raised the mean metallicity of the early-Galaxy Inter-Stellar Medium (ISM) above [Fe/H]= −2.5. Previous stellar evolutionary models predicted that zero-metallicity stars would not undergo the thermally pulsing (TP) AGB phase (Fujimoto et al. 1984) . Recently, however, Chieffi et al. (2001) showed that thermal pulses can in fact occur even in stars with no heavy elements. Although the environment might thus be appropriate, the lack of iron seeds in such stars is still thought to prevent the operation of the s-process, hence no neutron-capture elements are predicted to be produced by standard models of zero-metal TP-AGB stars (Abia et al. 2001; Chieffi et al. 2001; Siess et al. 2002; Iwamoto et al. 2003) .
A growing body of observational evidence now suggests that, in contrast to the r-only hypothesis, the sprocess could indeed operate even at very low metallicities. Whether or not it had a significant impact on the chemical evolution of neutron-capture elements throughout the early Galaxy is still an open question, as this depends on the Initial Mass Function of early-generation stars (Abia et al. 2001) .
The large modern surveys for metal-poor stars (the HK survey Beers et al. 1985 Beers et al. , 1992 Beers 1999a,b , and the Hamburg/ESO survey of Christlieb et al. 2000) have unveiled the existence of stars in which the abundances of neutron-capture elements are greatly enhanced, although there are some important differences between various classes of stars that exhibit this phenomenon, which can be broadly grouped as described below.
A few stars, such as CS 22892-052 Sneden et al. 2003a) , and CS 31082-001 Hill et al. 2002) , exhibit large enhancements of neutron-capture elements, including species that can only be synthesized through the r-process, such as Th and U. The observed abundance patterns of the heavy neutron-capture elements in these stars agree extremely well with a scaled solar-system r-process pattern, suggesting an r-process origin for all of them. These highly r-process-enhanced metal-poor stars appear to be extremely rare, with a frequency no greater than about 3% among giants with [Fe/H] < −2.5. It should be noted that although CS 22892-052 is enhanced in carbon ([C/Fe] ∼ +1.0; Sneden et al. 1994) , it has been suggested (Aoki et al. 2002a ) that the origin of the carbon in this star may not be causally connected to the origin of its r-process elements. CS 31082-001, on the other hand, is only mildly carbon-enhanced ([C/Fe] = +0.2; Hill et al. 2002) .
Other very metal-poor stars in which the pattern of neutron-capture elements suggest an s-process enrichment are more common. Radial velocity variations have been observed in some Preston & Sneden 2000; Aoki et al. 2002b ), but not all of them (e.g., LP 706-7; . In many of these s-processenriched, metal-poor stars the element lead is detected and often considerably enhanced. This is not unexpected, since the operation of the s-process in a metal-poor star occurs with a high neutron-to-seed-nucleus ratio, thus favouring the formation of neutron-rich nuclei.
Lead was first detected in a metal-poor star by Cowan et al. (1996) in HD 126238, and later in HD 115444 and CS 22892-052 (Sneden et al. 1998 . In our later discussion, for CS 22892-052 we adopt the Pb abundance derived from the optical lines, although it is very uncertain since the much stronger PbI 283.3nm line has not been detected (Sneden et al. 2003a ). We prefer this determination since the Pb abundance of CS 22892-052 estimated from the optical lines is consistent with that obtained in the small number of other known r-processenhanced, metal-poor stars. In these three stars, Pb is attributed primarily to the r-process rather than to the s-process because of the large observed enhancements in other r-process elements such as Eu.
Lead of likely s-process origin was first detected in the carbon-and s-process-rich, metal-poor star LP 625-44 by Aoki et al. (2000) , suggested by these authors to have originated from an AGB companion. Metal-poor stars with high Pb abundances relative to the second neutronpeak elements (Ba, La, Ce), as predicted by metal-poor AGB models (Goriely & Mowlavi 2000; Goriely & Siess 2001) , were first discovered by Van Eck et al. (2001) . Subsequently, Pb has been detected in 21 more stars (Aoki et al. 2001; Travaglio et al. 2001; Aoki et al. 2002b; Johnson & Bolte 2002; Cohen et al. 2003; Lucatello et al. 2003; Van Eck et al. 2003) . These stars show a large range in [hs/Pb] ratio (hs representing second s-process-peak elements such as Ba, La, Ce and Nd). At present there appears to be no evidence for a correlation between [hs/Pb] ratio and metallicity of the lead stars.
All the s-process-enhanced stars also appear to be enhanced in carbon, hence one might speculate that they are analogs of the classical CH stars, all of which appear to be members of binary systems (McClure 1990 (McClure , 1997 . If this is universally true, the s-process elements and carbon have almost certainly been produced by a binary companion during its TP-AGB phase, and subsequently accreted onto the surviving companion star. To complete this (already complex) picture one must add that the reverse situation is not true; not all of the carbon-rich stars, which appear to represent as many as 15-25% of all stars with [Fe/H] < −2.5 (Beers et al. 1985 (Beers et al. , 1992 Beers 1999a,b; Christlieb et al. 2000) , are also enhanced in their neutron-capture elements. In fact, there exist carbonenhanced, metal-poor stars with no observed enhancements of neutron-capture elements at all (e.g., CS 22957-027, Bonifacio et al. 1998) . Recently, Aoki et al. (2002b) have enlarged the number of such stars, suggesting that the phenomenon of mild carbonenhancement without accompanying neutron-capture enhancement amongst very metal-poor stars is not uncommon. In addition, there exists a class of extremely metalpoor stars (including CS 22949-037, Depagne et al. 2002, and CS 29498-043, Aoki et al. 2002a ) that exhibit large excesses of N, O, Mg, and Si, in addition to C, with no apparent neutron-capture enhancement. It is thus not clear what relation, if any, exists between the carbon and neutron-capture-element enhancement phenomena.
In this paper we report a detailed high-resolution analysis of CS 29497-030, based on high-quality VLT/UVES spectra, which we show to be a very metal-poor star that exhibits enhanced abundances of neutron-capture elements with a pattern suggesting an s−process origin. CS 29497-030 was originally classified as A type by G. Preston from inspection of its objective prism image. The star was included as BHB candidate in the UBV survey of Preston, Shectman, & Beers (1991a) but subsequently rejected as a BHB star on the basis of the two colour criterion by Preston, Shectman, & Beers (1991b) . It was subsequently identified as a high-gravity metal-deficient (BMP) star on the basis of its small B-V and U-B excess by Preston et al. (1994) . As such it was also included in the spectroscopic survey of Wilhelm et al. (1999) . In preparing our VLT observations T.C. Beers visually inspected the medium survey spectra of all the stars considered for possible follow-up at high resolution, and noticed a G-band of unusual strength compared to its hydrogen lines, which are typical of stars at or beyond the mainsequence TO, and thus marked it as a possibly carbon-rich star. Preston & Sneden (2000) included this star are part of a long-term radial velocity survey of BMP stars, and identified CS 29497-030 as a spectroscopic binary with a period of 342 days; the radial velocity curve is shown in Fig. 1 .
As briefly reported earlier by our group (Sivarani et al. 2002) , the most striking features of CS 29497-030, besides its very high C abundance, are its extremely high Pb abundance, which places CS 29497-30 amongst the most metalpoor lead stars yet identified, as well as its extremely high O abundance. CS 29497-30 is thus only slightly less enhanced in O than the extreme case of CS 22949-037, an Sneden et al. (2003a) ; the data by Preston & Sneden (2000) are shown by "3", our data by "+" symbols.
extremely metal-poor giant with no evidence of binarity (Depagne et al. 2002) .
Observations and data reduction
Our spectroscopic data were obtained at the VLTKuyen 8.2m telescope, using the UVES spectrograph (Dekker et al. 2000) at a resolving power of R = 43000. The observations were made as a part of the Large Programme "First Stars"(165.N-0276; P.I. R. Cayrel); the log of observations is given in Table 1 . The data were reduced using the UVES context within MIDAS, which includes bias subtraction, flat fielding, wavelength calibration, and merging of echelle orders. The continuum normalisation was performed with IRAF (using a cubic spline function) for the merged spectra. For a few lines that were either very weak or of particular interest, we have used the spectra of the individual orders without merging them. The Balmer lines of hydrogen were checked with both single-order and merged spectra. Equivalent-width measurements for unblended lines were accomplished by fitting gaussian profiles, using the genetic algorithm code described in François et al. (2003) .
Radial velocities were measured from the positions of unblended lines in the range 480-850nm. Small instrumental shifts were corrected using the telluric absorption lines. As can be seen from inspection of Figure 1 , the new radial velocity data for CS 29497-030 provide tight constraints on the binary orbit, as they were obtained near one of the peaks in the velocity curve. The orbit calculated by Preston & Sneden (2000) is clearly confirmed by our new data . Wilhelm et al. (1999) , indicating that it was thought to have a high surface gravity, at least as compared to the field horizontal-branch stars they were seeking to identify. They determined the stellar parameters given in Table 3 , based on available U BV photometry and medium-resolution (∼ 1.5Å) spectroscopy. Recently, Kinman & Castelli (2002) have derived temperatures based on the V − J, V − H, and V − K colours, using 2MASS data and fitting the colours to Kurucz model predictions.
We have obtained new photometric data, BV R C I C (the subscript "C" indicates the Cousins system) with the Danish 1.5m telescope and DFOSC instrument . We estimate a color excess due to reddening of E(B − V ) = 0.016 from the maps of Schlegel et al. (1998) and use the Alonso, Arribas, & Martínez-Roger (1996) calibrations to derive T eff from the colours. The Alonso calibrations of B − V , V − R, V − I, R − I, and V − K require colours in the Johnson system; calibrations of the IR colours, J − H and J −K, are in the TCS system (the native photometric system at the 1.54m Carlos Sánchez telescope in Tenerife; Arribas & Martínez-Roger 1987) .
To transform the colours from the Cousins to the Johnson system, we use the transformations derived by Bessell (1983) , which for R−I do not include the Paschen dip; Bessell points out that, as a result, these transformations are uncertain for −0.05 ≤ R − I ≤ +0.3. CS 29497-030 falls in this colour range, where the Paschen jump reaches a maximum. To obtain the V − K colour in the Johnson system we transformed the 2MASS K magnitude to the Bessell & Brett (1988) homogenized system, using equations from Explanatory Supplement to the 2MASS All Sky Data Release (Cutri et al. 2003) ; note that this is a two-step calibration, 2MASS to CIT (the CIT system is described in Elias et al. 1982 and Frogel et al. 1978) , and then to the Bessell & Brett system. Therefore, the errors involved in the colour transformations must be added to those of the photometry.
To transform the 2MASS colours J − H and J − K onto the TCS system (Alonso, Arribas, & Martínez-Roger 1996) again required a two-step calibration, from 2MASS to CIT (Cutri et al. 2003) , and then from CIT to TCS (Alonso, Arribas, & Martínez-Roger 1996) . In Table 2 , we list the errors in T eff corresponding to the photometric errors.
The temperatures listed in Table 2 span a range of almost 1000 K. The B −V , J −H and J −K colours provide Preston & Sneden (2000) similar temperatures, while the V − R, V − I, and V − K colours predict higher temperatures. The large errors in the temperatures derived from J − H and J − K are due to the very steep slope of the calibrations for the bluest stars. With this large spread in temperatures there is little point in averaging them. We therefore decided to rely on the Fe I excitation equilibrium, which implies T eff = 6650K, similar to the T eff derived from the B − V , J − H, and J − K colours. The wings of the Balmer lines are also consistent with this temperature. The presence of a CN molecular band in the spectra suggests that the temperatures cannot be as high as derived from the R − I, V − I, and V − K colours. The only explanation we can offer for the large spread in effective temperatures derived from different colours is that the star has an anomalous spectral energy distribution, possibly due to its peculiar composition and/or its binary nature.
The FeI/FeII ionisation equilibrium has been used to fix the surface gravity of CS 29497-030. We point out that, with our adopted log g, balance is achieved, within the errors, also for TiI/TiII, MgI/MgII and MnI/MnII, although TiI and MgII are represented only by single lines. Dr. A. Korn kindly performed NLTE computations for the iron lines in order to check for NLTE effects on the derived gravity; he obtained log g(NLTE) = 3.65, confirming a rather low surface gravity for this star. Also, the observed U − B colour of the star is compatible with this gravity.
The microturbulence was determined in the usual way, by requiring that the abundances derived from the Fe I lines be independent of the measured equivalent widths.
The model atmospheres (OSMARCS), spectrum synthesis code (TURBOSPEC by Plez), and the line data that we employed are the same as described in previous papers of this series (Hill et al. 2002; Depagne et al. 2002; François et al. 2003) .
Abundances
The derived elemental abundances for CS 29497-030 are listed in Table 4 . The most striking features are the large overabundances of C, N, and O, relative to iron, and the large enhancement of all the s-process elements, among which Pb stands out with [Pb/Fe] = +3.5. Wilhelm et al. (1999) , (2) Kinman & Castelli (2002) , (3) The chemical composition of CS 29497-030 was analysed earlier by Preston & Sneden (2000) , who derived abundances for Fe, Mg, Ca, Sc, Ti, Cr, Mn, Sr, and Ba, and by Sneden, Preston, & Cowan (2003) , who derived in addition abundances for C, O and La, Nd, Eu and Pb. The overall abundance pattern derived by both the above analyses is similar to our own, with most elemental ratios showing agreement at a level of 0.2-0.3 dex. However, both obtain a significantly higher metallicity ([Fe/H] = -2.1, -2.16, respectively) than we do, probably due to the higher temperature adopted. 
Carbon and Nitrogen
We measured several CI and CH lines in our spectra. The CI lines, some of which are shown in Fig. 2 , provide a C abundance that is about 0.3 dex higher than that derived from the CH lines. We suspect the difference could be due to NLTE effects in the CI lines, which have excitation potentials higher than 7.5 eV. We plan to perform NLTE computations in the near future to check on this possibility. Taking into account all the CI lines in the spectra, we obtain an abundance which is on average 0.1-0.3 dex higher than obtained from the CH lines. The 13 CH lines are very weak, so we could only derive a lower limit for the carbon isotope ratio:
12 C/ 13 C > 10. We have detected a very weak CN 388nm bandhead, shown in Fig. 3 , from which, assuming the C abundance derived from the CH lines, we derive [N/Fe] = +1.88.
We have checked the sensitivity of the derived carbon abundance to the adopted oxygen abundance by performing the analysis both with the high oxygen abundance derived from the OI 777.4nm lines ([O/Fe] = +1.67), and for a much lower value ([O/Fe] = +0.5). We find no impact of these two widely different oxygen abundances on the derived carbon and nitrogen abundances.
The α elements
The oxygen abundance was derived from the OI 777.4nm triplet shown in Fig. 4 . The oxygen triplet is known to suffer from NLTE effects (Kiselman 1991; Takeda 1994; Gratton et al. 1999; Kiselman 2001) . In order to correct for these effects we interpolated in Table 10 of Gratton et al. (1999) and found a correction of -0.09 dex; the NLTE corrected value is listed in Table 4 . This oxygen abundance appears to be exceptionally high when compared to most other metal-poor stars (Depagne et al. 2002) . Note that the high abundance derived from the OI 777.4nm triplet is still consistent with the non-detection of the 615nm OI triplet and 630nm [OI] lines. There is always some concern in deriving abundances from the OI triplet. For example, for two giants in the LMC, Barbuy et al. (1994) report an overabundance of about 2.0 dex compared to the abundance derived from the 615.8nm lines. On the other hand, there is at least one star, the very metal-poor subgiant BD +23 o 3130, for which the oxygen abundance derived from the OI 777.4nm triplet does agree with that derived from the [OI] 630nm line and the OH UV lines García López et al. 2001 ). In the comprehensive study of Carretta et al. (2000) , oxygen abundances were derived both from permitted OI lines (the 616nm triplet and the 777nm triplet) and from the [OI] 630nm line. There appears to be no systematic difference between these sets of abundances, as illustrated by their figure 3. In the case of CS 29497-030, the OI triplet is the only available oxygen indicator, hence our only choice is to take the derived oxygen abundance at face value, although with some caution.
Magnesium exhibits a "normal" overabundance of ∼ 0.5 dex above Fe. The MgII 448.1nm doublet is detected, testifying to the relatively high effective temperature of this star. The derived abundance from the MgII doublet is only 0.1 dex higher than that derived from the MgI lines. Considering that the latter show a scatter of 0.2 dex, we consider the two abundances to be consistent.
We have detected a strong Si I line at 390.5nm, and weak Si II lines at 385.6nm and 386.2nm; the derived abundances are [SiI/Fe]=-0.05 and [SiII/Fe]= +0.6, respectively. We have spectra taken on two different nights for this wavelength region; we find they are consistent with one another; therefore the problem should not originate in the data. The Si I line is saturated and sensitive to the adopted microturbulence, while the Si II lines are sensitive to log g. By adjusting the atmospheric parameters we obtain identical abundances ([Si/Fe]= +0.4) for Si I and Si II for a model with T eff = 6750K, log g = 3.0, ξ t = 0.0 km s −1 . It is interesting to note that McWilliam et al. (1995) find a large dispersion in the Si abundance in a sample of 33 very metal-poor stars, based primarily on abundances estimated from the Si I 390.5nm line. Also, there is a large difference seen between their Mg and Si abundances. We adopt the Si abundance from the Si II lines, because it is consistent with the level of overabundance seen in Mg.
The sulphur abundance is very uncertain because it relies on a single line at 912.28nm, which is contaminated by a telluric absorption feature; we estimate an error of 0.3 dex. Assuming that our process of dividing out the telluric feature has been successful, sulphur is found to be overabundant by about 0.4 dex with respect to iron, in line with Mg. The general behaviour of S in metal-poor stars is that sulphur is enhanced over iron, [S/Fe]> 0 (François 1987 (François , 1988 Chen et al. 2002) . The data at very low metallicity is still rather limited, hence we cannot comment here on any general trend with declining metallicity.
Ca and Ti exhibit "normal" overabundances with respect to iron, of the order of 0.3 dex.
The odd-Z elements
The sodium abundance was obtained from the NaI D resonance lines, and displays a marked overabundance with respect to iron of ∼ 0.5 dex. The aluminium abundance was derived from the resonance line at 394.4nm, and Al is underabundant by ∼ −0.7 dex with respect to iron.
These abundances are the LTE values; no NLTE corrections, as prescribed by Baumüller and Gehren (1997) and Baumüller et al. (1998) , have been applied. The prescribed NLTE corrections for T eff = 6500K, log g = 4.0, [Fe/H] = -3.0 are -0.11 and +0.65 for Na and Al, respectively. If we assume these values to apply for our lowergravity star, then Al follows iron while Na will still be overabundant by ∼ 0.4 dex with respect to iron, reminiscent of the similar, but vastly larger overabundance of Na in CS 22949-037 (Depagne et al. 2002) .
The iron-peak elements
Our derived Fe abundance places CS 29497-030 among the very metal-poor stars, with [Fe/H] < −2.0. Our Fe abundance and surface gravity were independently checked by Andreas Korn, who found [Fe/H]= -2.71, log g = 3.40 in LTE, using a separate set of atmospheric models and line data, and [Fe/H]= -2.59, log g = 3.65 in NLTE.
Mn and Cr show a slight underabundance of ∼ 0.2 dex compared to iron. This is in line with the general decrease of the ratios of these elements relative to iron initially found by McWilliam et al. (1995) and confirmed by other authors (Ryan et al. 1996; Carretta et al. 2002; François et al. 2003) . Cobalt, on the other hand, shows a slight overabundance with respect to iron. This behaviour has also been seen before in very metalpoor stars (McWilliam et al. 1995; Ryan et al. 1996; François et al. 2003) .
The neutron-capture elements
All the s-process elements in CS 29497-030 exhibit overabundances with respect to iron, and the heavy s-process elements (hs: Ba, Ce, La, Nd) are more overabundant than the lighter s-process elements (ls: Sr, Y, Zr). The Pb abundance was derived from the 405.7nm line shown in Fig. 5 . The line data has been taken from Van Eck et al. (2003); we have included the hyperfine splitting and isotopic shifts as given in Van Eck et al. (2003) . We also detect the PbI 368.3nm and 406.2nm lines in our spectra, from which we derive abundances that are consistent with the 405.7nm line. The derived abundance of Pb is very high, about 3.5 dex relative to iron, and also very high compared to those of Ba, La, Ce, and Nd (e.g., [Pb/Ba] = +1.38).
The Sr abundance was determined from the Sr II resonance lines, which are quite strong (equivalent widths of the order of 10 pm (where 1pm = 10 −12 m). We detected seven BaII lines, including the resonance lines at 455.40nm and 493.40nm. In our analysis of Ba, we have adopted the hyperfine splitting provided by McWilliam et al. (1995) . We checked the effect of adopting either the solar-system total abundance or the solar-system s-process isotopic fraction, and found that the derived abundance does not change. For our final determination we used only the weaker lines, like the 585nm line shown in Fig. 6 , since the stronger lines are clearly affected by saturation. Note that increasing the microturbulence by only 0.5 km s −1 achieves a concordance between Ba abundances derived from weak and strong lines. We thus believe our Ba abundance to be very robust.
La, Ce, and Nd abundances were determined using spectrum synthesis. We have not used any hyperfine splitting for the La, Ce, Nd, and Y lines, since they are weak and the abundances are not expected to be affected by hyperfine splitting (McWilliam et al. 1995) . A total of six Eu II lines are detected in our spectra; two such lines are shown in Figure 7 . We have checked, using the hyperfine splitting provided by Kurucz (1993) , that the derived abundance is insensitive to the use of hyperfine splitting. The abundance listed in Table 4 has been obtained using the gf values from Lawler et al. (2001) , and without hyperfine splitting.
Discussion

s−process nucleosynthesis in metal-poor stars
The most likely site for the the s−process is the intershell region of a thermally pulsating AGB star, provided a suitable neutron source is active. Until recently it was believed that stars of zero or extremely low metallicity did not experience the TP-AGB phase (Fujimoto et al. 1984) . In contrast, Chieffi et al. (2001) have recently shown that zero-metallicity stars do undergo thermal pulses, although by a somewhat different mechanism, at least for stars in the range 4M ⊙ ≤ M ≤ 6M ⊙ . These results have been independently confirmed by Siess et al. (2002) . Our present understanding of the behaviour of s−process nucleosynthesis has been reviewed by Busso et al. (1999) . There is a general consensus that the neutron source is the reaction 13 C(α, n) 16 O. In order to activate it, a partial mixing of protons into the C-rich layer is required. The hydrogen is burned through 12 C(p, γ)
13 N(e + ν) 13 C(p, γ) 14 N, leaving a residual 13 C abundance (Iben & Renzini 1982) . Although the majority of workers in the field admit that this partial mixing does take place, there is no consensus on the amount of mixing, nor on the profile of the resulting 13 C pocket. The usual practice has been to simply assume the amount of 13 C (Gallino et al. 1998; Goriely & Mowlavi 2000; Busso et al. 2001; Goriely & Siess 2001) .
Zero-metal stars are a special case in that one could expect the lack of Fe seeds to prevent the operation of the s−process even in the presence of a suitable neutron flux. However, Goriely & Siess (2001) showed that if there is a partial mixing of protons, then the s−process proceeds, starting from 12 C, and builds all the heavy metals up to Pb and Bi. All of these authors agree on the existence of a large enhancement of lead with respect to the nearby second-peak s−process elements (Ba, La, Ce, Nd). This is a consequence of the large neutron-to-seed ratio.
Recently, Iwamoto et al. (2003) have proposed a new s-process paradigm, in which the abundances of the neutron-capture elements result from only one (or at most a few) neutron exposures. They find that, in models of metallicity less than [Fe/H]= -2.5, the helium convective shell penetrates the H-rich layers, allowing proton mixing to occur. In their scenario, they achieve a high neutron flux, and almost all of the s−process elements (except Pb) are made in the first neutron irradiation. The abundance of Pb is more sensitive to the number of pulses. From their models they were able to explain the observed abundance patterns of LP 625-44 and LP 706-7, which have Pb/Ba ∼+1.0 and could not be easily explained by standard partial-mixing scenarios (Gallino et al. 1998 
The evolutionary status of CS 29497-030
Compared to most other very metal-poor stars, CS 29497-030 stands out for its high effective temperature. There is little doubt that the star is indeed hotter than most other metal-poor stars that have been analysed to date, because we detect the Mg II 448nm doublet. This immediately poses an age problem, because the star is considerably hotter than the main-sequence turnoff (TO) of theoretical isochrones of age 10 Gyr and comparable metallicity (Z = 0.0001; Girardi et al. 2002) . Our derived gravity also implies that the star is more luminous than the TO, however it is not sufficiently luminous to be assigned to the horizontal-branch stage of evolution. Its evolutionary status thus appears to be a puzzle.
It is likely that the anomalous position of CS 29497-030 in the (log T, log g ) plane is due to its binary nature and past accretion history. Given that the Halo TO is considerably redder than this star, it is legitimate to call it a "Halo Blue Straggler." It was in fact expected that some of the BMP stars (which this object has been identified as) are indeed bona-fide Blue Stragglers. It is interesting to notice that one of the principal conclusions of the radial velocity investigation of Preston & Sneden (2000) was that many candidate BMP stars are indeed halo binary blue stragglers formed by mass transfer rather than merger.
We note that the LiI 670.8nm doublet is not detected in our spectra. This is consistent with the identification of CS 29497-030 as a blue straggler, since such stars are observed to be highly Li-depleted (Glaspey et al. 1994 ). Ryan et al. (2002) identified several ultra Li-depleted halo stars that exhibit large projected rotational velocities, which prompted them to suggest that these stars had experienced previous transfer of mass and angular momentum from a massive companion. Preston & Sneden (2000) obtained a rather large rotational velocity (v sin i = 12 km s −1 ) for CS 29497-030. All our spectra, at both observed epochs, show lines with a FWHM of ∼ 9.55 km s −1 , which is larger than the ∼ 7 km s −1 expected from our instrumental resolution. If interpreted as due to rotation, the excess broadening would be of the order of ∼ 6.5 km s −1 . Such rotational velocities are unexpected for old halo stars and hence provide evidence that the surviving star of the binary system has been significantly spun up due to mass transfer. In fact this is far larger than that corresponding to synchronous rotation of the star in its 342-day circular orbi, which would be below 0.5 km s −1 .
The chemical history of CS 29497-030
The observed abundance pattern of this star strongly suggests the occurrence of mass transfer in the binary system during the AGB phase of the companion, which is detected through the present orbital motion of the surviving member (but not unambigously from the photometry or the spectroscopy). The existing observations are, however, consistent with the hypothesis that the companion is presently a white dwarf. The period of about one year implies a rather wide separation, hence mass transfer must have occurred through a stellar wind (or super-wind) phase on the AGB, and is likely to have happened during the thermally pulsating episodes experienced by the companion. In this scenario, it is the third dredge-up that is responsible for bringing to the surface of the companion the carbon that is freshly produced in the He-burning shell, as well as the s−process elements. The pattern of neutron-capture elements in CS 29497-030 seems to show a pure s−process signature, as suggested in Fig. 8 which compares the abundance pat- Table 5 . The three r-process-enhanced stars CS 22892-052, HD 1262238, and HD 115444, are plotted as crosses. Upper limits are shown as downward arrows.
tern in the star with the main s−process pattern from Arlandini et al. (1999) . All the heavy elements above Z=40 fit the pattern rather well, except for Pb.
In Fig. 9 we compare the abundance pattern of CS 29497-030 to the surface abundances of a model AGB star with Z=0.001 after 50 thermal pulses, taken from Goriely & Mowlavi (2000) . The overall agreement for CS 31062-050 is better than in Fig. 8 . For both stars the large Pb overabundance is reproduced within a factor of 3. It is, however, quite striking to note the large underabundance of Sr, Y, and Zr compared to both the models and the main solar system s-component. Several known sprocess-rich, very metal-poor stars have high ratios (more than 1.0 dex) of the heavy s-process elements (hs: La, Ce, Nd) relative to the lighter s-process elements (ls: Sr, Y, Zr) (Hill et al. 2000) . CS 29497-030 has [Ba/Eu] =+0.73, and [hs/ls] = +1.02, which is quite similar to other sprocess-enhanced, very metal-poor stars.
In Fig. 10 we compare the observed [X/Fe] ratios in CS 29497-030 and CS 31062-050 with the theoretical s−process computations of Gallino et al. (in preparation) . In the case shown the AGB companion had a Main Sequence mass of 1.3 M⊙. The accretion was modeled as occurring through stellar wind, rather than Roche-Lobe overflow, which seems a reasonable assumption for such a wide system. The agrement is quite good for the heavy elements, the Zr abundance is now well reproduced; although the predicted Y and Sr remain too high. Even more interesting is that a considerable enhancement of O is predicted in the model. This arises from the 12 C(α, γ) 16 O reaction occurring in the He shell. Although the amount of O produced is small, at such a low metallicity it is sufficient to enhance the [O/Fe] ratio by about 0.5 dex. Table 5 ; the same symbols are used as in Fig 11. CS 29497-030 is identified by an arrow. Filled symbols are data from McWilliam (1998) , the asterisk is CS 31082-001, from Hill et al. (2002) . The dotted line corresponds to the solar s-process main component, while the dashed line corresponds to the inferred solar r-process value (Arlandini et al. 1999 ). The dash-dotted line represents the surface abundance of an AGB model with Z=0.001 after 50 thermal pulses (Goriely & Mowlavi 2000) .
In Table 5 we have summarised the data for all stars with lead detections. This table includes stars that exhibit predominantly s-process patterns (Aoki et al. 2001 (Aoki et al. , 2002b Johnson & Bolte 2002; Lucatello et al. 2003) , and some with predominantly r-process patterns (Sneden et al. 1998 Travaglio et al. 2001 ). Some of them are known to be binaries, and some are known CH stars (Van Eck et al. 2001 .
In Fig. 11 we have assembled the reported [Pb/Ba] and [Pb/Ce] ratios for all the stars listed in Table 5 , which summarizes results for metal-poor stars where these ratios are available. A large scatter is apparent; the rprocess-enhanced stars CS 22892-052, HD 126238, and HD 115444 do not stand out against the others. In Fig. 12 we show [Pb/Eu] for all of the metal-poor stars for which both Pb and Eu have been measured. The crosses represent the three r-process-enhanced stars CS 22892-052, HD 1262238, and HD 115444. It is clear that the r-processenhanced stars stand out from the others, which follow an s-process pattern instead. The r−process-enhanced stars are well below both the [Pb/Eu] ratio predicted by the metal-poor AGB models (Goriely & Mowlavi 2000 ) and the solar s-process main component pattern (Arlandini et al. 1999) , while all the stars that are close to the horizontal lines also show enhanced s-process elements. CS 29497-030 exhibits a very high [Pb/Eu] ratio (indicated by an arrow in Fig. 12 ).
In the bottom panel of Fig. 12, we Table 5 for which Ba was measured, as well as for the stars of McWilliam (1998) (filled symbols) and for CS 31082-001 from Hill et al. (2002) , plotted as an asterisk. In this figure the r-process-enhanced stars stand out with respect to the s-process pattern stars. The comparison with the "normal" halo stars of McWilliam (1998) , i.e. those not enhanced in neutron-capture elements, suggests that these stars follow the r−process pattern. The sole exception is CS 22947-187, a carbon-enhanced, metal-poor star that falls in the regime occupied by the s-process-enhanced stars. It is interesting to note that CS 31082-001 falls in the middle between the s-process and r-process-enhanced stars.
CS 29497-030 also exhibits a conspicuously large nitrogen overabundance. In terms of [C/N], however, the star is not exceptional among the Pb stars, which span the range −0.1 ≤ [C/N] ≤ 1.3, and in fact has the same [C/N] as HE 0024-2523 (Lucatello et al. 2003) . The possible origin of the nitrogen could be a massive AGB companion, which can produce N through the Hot Bottom Burning (HBB) process. However, existing AGB models predict that the N abundance should be higher than that of C when HBB is responsible for its production (Siess et al. 2002) . Furthermore, the high s-process abundances observed in the Pb-rich stars cannot be obtained by this scenario. Another possible scenario that can produce C and N is via hot dredge-up (Herwig 2002) . This is a simultaneous action of H-burning and third dredge-up. Herwig (2002) discusses models that are able to produce C and N with C > N, however, the s-process elements cannot be produced by this approach. Goriely & Siess (2001) , by forcing extra mixing and initial pollution of C from the core He-burning regions, are able to solve the problem. However, these calculations are still in the preliminary stage.
The oxygen abundance of CS 29497-030 appears exceptionally high, both with respect to most other metal-poor stars Depagne et al. 2002; Meléndez & Barbuy 2002; Barbuy et al. 2003) , and with respect to HE 0024-2523 (Lucatello et al. 2003) . On the one hand it is true that some intermediate-mass stars may indeed produce sizeable amounts of oxygen (Marigo 2001) , and perhaps at least a part of the oxygen we observe has been dumped on the surface of the star by the same process that contributed carbon and nitrogen. On the other hand, if we assume the O abundance is intrinsic, and not photospheric, then the total metal abundance Z of CS 29497-030 is not very low, which implies an even younger age and further exacerbates the age problem noted above. In this case it is also difficult to explain why the observed iron abundance is so low.
Inspection of Fig. 11 suggests that the observed [Pb/Ba] ratios for metal-poor stars exhibit scatter in excess of that due to observational errors. It is not clear yet whether this establishes that there is a range of operating conditions for the s−process at low metallicities.
Conclusions
The number of lead-rich, extremely metal-poor stars has now grown up to 25. Collectively, they demonstrate unequivocally that the s−process may already operate even at very low metallicities, and that its occurrence is not very rare. This also suggests that mixing of protons into the C-rich layers in low metallicity stars does indeed occur, at least in some cases, and that this has been experienced by the companion of CS 29497-030. Different 13 C profiles and stellar masses will result in different abundance patterns, as shown by Busso et al. (2001) ; it is therefore possible that a suitable choice of both will reproduce the observed heavy element pattern for CS 29497-030 and other stars like it.
Whether or not these nucleosynthesis products have an impact on the early chemical evolution of the Galaxy is still an open question. It depends crucially on how many C-and s−process-element producing stars of zero-or extremely low metallicity existed during the first and second generations of star formation, and on how efficiently their products were mixed into the ISM. Burris et al. (2000) provided evidence that the s−process becomes globally important beginning at [Fe/H] = ∼ −2.7; however, the extremely metal-poor star CS 22183-015 displays an almost pure s−process-element pattern already at [Fe/H] = -3.12 (Johnson & Bolte 2002) . Whether stars such as these are the exception or the rule at extremely low metallicity will have to be addressed, based on more complete high-resolution analyses of a larger sample of stars, in the near future.
The comparison made in Fig. 12 with "normal" halo stars suggests that most of these exhibit elemental abundance patterns that lie close to the r−process pattern. More data are needed to draw definitive conclusions; however the presently available observations suggest that the r−only hypothesis of Truran (1981) as the standard assumption is questionable, and chemical evolution models ought to take into account a mixture of s− and r−processes for the production of the heavy metals at arbitrarily low metallicity. High-resolution analyses of a larger number of very metal-poor stars will allow for better constraints on the relative contributions of the two processes in the early Galaxy.
All of the lead-rich stars with s-process enhancement show large carbon abundances, like the classical CH stars. The fact that many of them appear to be members of binary systems emphasizes the analogy. A detailed comparison of nitrogen abundances for these stars could be quite important, in order to set limits on the likely masses of presumed AGB companions, which could have experienced different mixing, mass-loss, and nucleosynthesis episodes in the course of their evolution.
Our analysis has shown that CS 29497-030 is an extreme case of a lead-rich, very metal-poor star. Its binary nature suggests that the large enhancement of neutroncapture elements which follow an s−process pattern, as well as the large enhancement of C and N, is in fact due Cohen et al. (2003) to mass transfer from an intermediate-mass companion during its AGB phase. The very low iron abundance implies that s−process sources are active at quite early times in Galactic history. The apparently large O abundance, if real, is not easy to explain, nor is the overabundance of Na which recalls the similar, but far more dramatic enhancement of Na in CS 22949-037 (Depagne et al. 2002) . The comparison with other lead stars shows a sizeable scatter in abundance ratios like [Pb/Ba] and [Pb/Ce]. Although the observational error alone cannot be absolutely excluded as the source of the observed scatter, the possibility exists that the scatter is real and due to different physical conditions in the operation of the early s−process. Our preliminary finding of a relatively large axial rotational velocity for CS 29397-030, the high T ef f of the star, and the lack of detectable Li, suggest that CS 29397-030 has been "spun up" as the result of mass transfer and should be classified as a halo blue stragger, similar in many respects to the stars described by Ryan et al. (2002) . Detailed analyses of other such stars are certain to be illuminating. 
